Hepatitis C virus (HCV) is one of the main causes of chronic liver disease. It is estimated that around 170 million people are chronically infected with HCV worldwide[@b1]. Chronic infection of HCV is linked to deregulation of innate and adaptive immune signaling mechanisms as well as virus induced cytotoxicity. Error prone viral genomic replication in the hepatic micro environment permits immune evasion and facilitates viral persistence, which in turn drives the progression to liver fibrosis, cirrhosis and hepatocellular carcinoma[@b2]. The rapidly evolving HCV RNA leads to a challenge for development of specific antiviral therapies against all viral genotypes. The current therapy including a combination of pegylated IFN-α (pegIFN-α) and ribavirin with either telaprevir or boceprevir has significantly increased the sustained viral response (SVR) in genotype 1 infected patients. However, this therapy suffers some additional limitations. In particular, slow decline of viral load during triple therapy has high risk for the selection of resistance associated with variants[@b3]. Therefore, the development of more potent, safe, immune-boosting and well tolerated medications is the need of the hour.

A vast majority of natural components or dietary components are capable of modulating mitogenic signals, cell cycle regulation, angiogenesis, apoptosis and metastasis[@b4]. Few of the plant derived dietary components have been explored for their abilities to interfere with all possible stages of HCV life cycle via different mechanisms and proved valuable to HCV therapy. Recently, naringenin (grapes) has been shown to inhibit apolipoprotein B-dependent secretion of HCV particles[@b5]. Proanthocyanidin (blueberry) suppresses HCV replication, possibly by interacting with hnRNP A2/B[@b6]. Curcumin (turmeric) inhibits HCV replication via suppressing the AKT SREBP-1 pathway[@b7] and entry of all HCV genotypes into human liver cells[@b8]. Epigallocatechin-3-gallate (green tea) inhibits HCV entry[@b9]. Also, its phenolic epicatechins (+/−) inhibit HCV replication via cyclooxygenase-2 pathway[@b10]. Similarly, quercetin has been shown to inhibit HCV by targeting the cellular heat shock proteins, HSPs 40 and 70[@b11]. It also abrogates the HCV NS3/4A protease activity *in vitro* as well as *ex vivo*[@b12].

Pomegranate (*Punica granatum*) is one of the natural delicious fruit consumed worldwide. In Ayurvedic medicine, it is described under its Sanskrit name 'dalima\' (fruit) as a blood purifier[@b13]. It has been used for centuries for treatment of variety of health disorders. Apart from its anti-inflammatory and anti-cancerous activities[@b14], it inhibits viral infections, such as HIV[@b15][@b16], influenza[@b17], enterovirus[@b18] etc. Fruit peel of *P. granatum*, comprising almost 26--30% of total fruit weight, is enriched with hydrolysable tannins (punicalin, pedunculagin, punicalagin, ellagic acid and gallic acid), anthocyanins and catechins. These compounds account for 92% of the antioxidant activity[@b19][@b20]. *P granatum* fruit extract doesn\'t cause side effects and not known for drug interactions; rather it prevents liver fibrosis[@b21]. However, systematic analysis of the anti-HCV properties of *P. granatum* and its principle ellagitannin members has not been studied so far. In this context, we explored anti-HCV properties of *P. granatum* fruit peel extract and its ellagitannin derivatives, punicalin (PLN), punicalagin (PGN) and ellagic acid (EA). These compounds showed dose dependent inhibition of HCV NS3/4A protease activity *in vitro* and considerable reduction of HCV RNA levels in HCV subgenomic replicon and infectious cell culture systems using HCV-JFH1 (genotype-2a) virus and H77S (genotype-1a) RNA. Interestingly, these active compounds were found to be systemically bioavailable and very well tolerated upto 5000 mg/kg b.wt in BALB/c mice and meet all the needs for being potent anti-HCV therapeutic molecules.

Results
=======

Identification of bioactive compounds from *P. granatum* fruit peel based on bioassay guided method
---------------------------------------------------------------------------------------------------

The crude methanolic extract (\~90%) of *P. granatum* fruit peel and juice were evaluated for their anti-HCV NS3 protease activity. Although both peel and juice extracts showed inhibition of NS3 protease activity, but peel extract was found to be more effective than the juice extract ([Fig. 1A](#f1){ref-type="fig"}). Further, the HPLC analyses of crude methanolic extract of *P. granatum* fruit peel revealed punicalin (PLN), punicalagin (PGN) and ellagic acid (EA) as major constituents ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). Subsequently, this peel extract was successively partitioned by n-hexane (fraction-1), chloroform (fraction-2), and ethyl acetate (fraction-3) in a polarity gradient ([Supplementary Fig. S2A](#s1){ref-type="supplementary-material"}) and concentrated. These fractions (fractions1-3) and left over residue (residue-3) were assessed for their potential to inhibit HCV NS3 protease activity. Among these, residual fraction (residue-3) was identified as biologically most active in inhibiting NS3 protease ([Fig. 1B](#f1){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). Interestingly, HPLC analysis of this residual fraction also revealed the presence of PLN, PGN and EA as major components ([Supplementary Fig. S2B](#s1){ref-type="supplementary-material"}). The residual fraction-3 was further sub-fractionated by size exclusion column chromatography. The PLN, PGN were eluted sequentially in water (sub-fractions 1A & 1B) indicating that these are highly polar compounds whereas EA was eluted in both alcohol (sub-fraction 2A) and acetone (sub-fractions 3A & 3B). These sub-fractions were concentrated by rotary evaporator. Identities of these purified compounds were confirmed by LC ESI-MS ([Supplementary Fig. S3--S5](#s1){ref-type="supplementary-material"}), and were authenticated by NMR, IR and UV spectroscopy studies (data not shown). These purified compounds were further evaluated for their anti-HCV properties.

PLN, PGN and EA block HCV NS3/4A protease activity *in vitro*
-------------------------------------------------------------

Purified PGN, PLN and EA were tested for inhibition of NS3 protease activity. All these compounds inhibited the NS3/4A protease activity in a concentration dependent manner with IC~50~ values of less than 0.1 μM for PGN and PLN, whereas IC~50~ for EA was achieved at \~1.0 μM ([Fig. 1C](#f1){ref-type="fig"} and [Table 1](#t1){ref-type="table"}).

We also compared the inhibitory potentials of laboratory purified compounds with commercially procured compounds ([Fig. 1C](#f1){ref-type="fig"} and [Supplementary Fig. S6A](#s1){ref-type="supplementary-material"}). No considerable difference was observed in the inhibitory activity of these compounds obtained from two different sources.

To further clarify whether only PGN, PLN, and EA are the key players from *P. granatum* extract inhibiting NS3 protease activity, we have tested thirteen more pure compounds (quercetin, luteolin, catechin, epicatechin, gallic acid, caffeic acid, kaempferol, 3,3′-O-methyl ellagic acid -4′-O-β-D-xylopyranoside, apigenin, methyl gallate, rutin, ferulic acid, and asiatic acid) present in *P. granatum*, for anti HCV-NS3 protease activity. Some of these compounds (such as quercetin, and luteolin) showed considerable inhibition, albeit at several folds higher concentration than required by PGN, PLN, and EA ([Supplementary Fig. S6B](#s1){ref-type="supplementary-material"} and [Fig. 1C](#f1){ref-type="fig"}). Also, the levels of these compounds (such as quercetin, and luteolin) are not abundant in pomegranate. Our observations suggested that PGN, PLN, and EA are major contributors present in *P. granatum* fruit peel extract that inhibit HCV NS3 protease.

Further, to demonstrate the specificity of these compounds to HCV NS3 protease, we have analyzed the effect of these compounds on trypsin (an unrelated porcine pancreatic cellular serine protease) activity using fluorometric assay ([Fig. 1D](#f1){ref-type="fig"}). Our observations clearly demonstrated that these ellagitannins do not have any inhibitory effect on cellular trypsin protease activity upto 25 μM.

Structural basis of HCV NS3/4A protease inhibition by PGN, PLN and EA
---------------------------------------------------------------------

Current experimental analysis showed NS3 protease inhibition by PLN, PGN and EA. The structural basis of interaction of the ligands of interest with HCV NS3 protease was also studied to understand the molecular basis of inhibition. Ligands similar to PLN, PGN and EA were found to be bound to proteins such as proteases especially serine proteases (PDB id: 1dy8, 1dy9, 1bma, 1btx, 1eld, 1ele, 1fpc, 1p01, 2est). In fact, one among the serine proteases included HCV NS3 protease bound to α-ketoacid inhibitor (1dy8, 1dy9)[@b22]. Interestingly, analysis showed that all the serine proteases were inhibited in the catalytic region and substrate binding region (competitive inhibition). Also, similarity of oxy atom in the ligands of serine proteases picked up and the ligands of interest were observed, where the oxy group interacts with the catalytic residue S139. These analyses raise the possibility of ligands of interest interacting with NS3 protease like the ligand bound serine proteases that were being compared.

Docking results showed that the ligands of interest indeed were found to interact with two of the three catalytic triad residues[@b23] namely S139 and H57. C and O atoms of all the ligands interact with H57 by means of hydrophobic and hydrogen bonds. C and O atoms of all the ligands interact with S139 by means of hydrogen bonds which are consistent with the NS3-ligand bound complexes that were picked up. Moreover, some of the substrate interacting residues[@b23] (L135, F154, R155, A156, A157, V158 and R161) along with other residues in NS3 were also found to interact with all ligands of interest as shown in [Fig. 2](#f2){ref-type="fig"}. Few notable interactions are F154 which makes aromatic-aromatic contact with C,O groups with all ligands, A156 and A157 which makes hydrophobic contact with C and O groups respectively with ligand, R135 which makes hydrogen bond with C,O groups of punicalin and punicalagin. Other residues in NS3 that interact with all ligands are V132, K136 and C159. The binding energy of NS3 bound to PLN, PGN and EA were found to be −3.33 Kcal/mol, −4.46 Kcal/mol and −5.91 Kcal/mol respectively. These binding energy values suggest as favorable interaction with the protein-ligand complexes. The KI or inhibition constant values for all the NS3-ligand bound complexes were predicted to be in micromolar concentration ([Fig. 2](#f2){ref-type="fig"}). These analyses therefore suggest that PLN, PGN and EA could interact favorably with the catalytic triad residues and the substrate interacting residues of NS3 protease, thereby causing enzyme inhibition.

Crystal structure of NS3 bound to clinically approved NS3 inhibitor- 'telaprevir\' (PDB id: 3sv6)[@b24] is available. However, in order to arrive at an idea of the accuracy of the modeled complex structures, we have generated a model of NS3 protease bound to telaprevir ([Supplementary Fig. S7](#s1){ref-type="supplementary-material"}) using the protocol described in the methods section. It must be noted that we did not use any information from the crystal structure of NS3-telaprevir complex. Once the model of the complex is generated, it is compared with the crystal structure so that accuracy of the model could be ascertained ([Supplementary information and Supplementary table S1](#s1){ref-type="supplementary-material"}). As can be seen from the [supplementary section](#s1){ref-type="supplementary-material"} several features found in the crystal structure of NS3-telaprevir complex are also found in the modeled complex.

It is already well known that the ligand binding pocket in HCV NS3 protease is shallow and solvent exposed[@b23]. However, it has been known from the crystal structure that telaprevir is capable of interacting with NS3 through an extensive network of interactions encompassing both the substrate binding and the catalytic residues. The current study has shown that similar mode of inhibition is also been adopted by punicalin, punicalagin and ellagic acid to successfully bind and inhibit the shallow binding pocket of NS3 protease.

Additionally, the structural basis for the inability of the ligands to inhibit porcine pancreatic trypsin (PDB code for the 3-D structure of porcine trypsin: 1s81)[@b25] was explored. Since both NS3 protease (SCOP family: b.47.1.3 - Viral proteases)[@b26] and porcine pancreatic trypsin (SCOP family: b.47.1.2 - eukaryotic proteases) belong to different families of the same SCOP superfamily (SCOP superfamily: b.47.1 - trypsin like serine proteases), they can be considered as distant homologs. Therefore, it is safe to assume that mode of ligand binding, if it binds, to trypsin would be similar to ligand binding to NS3 protease.

NS3 protease-ligand modelled complex ([Fig. 2](#f2){ref-type="fig"}) has been used to identify the ligand interacting residues in NS3 protease. Trypsin was structurally aligned[@b27] with the NS3 protease bound to ligand molecule and the interface between trypsin and the ligand molecule was studied.

We noticed loss of interactions, compared to NS3 protease complex, due to amino acid substitutions (For example: hydrophobic to charged amino acid), presence of short contacts and changes in conformation in trypsin with its interaction to the ligand. (For detailed assessment of interaction between trypsin and ligands refer [Supplementary tables S2, S3 and S4](#s1){ref-type="supplementary-material"}). It is known that the S1 pocket of NS3 protease is hydrophobic (L135, F154, A157)[@b23] and some of these residues are also found to interact with the ligand in the NS3-ligand complex structure. However, the equivalent residues in trypsin are substituted with amino acids which are not congenial for interaction with the ligand. For example Ala 157 of NS3 is substituted by Trp in porcine trypsin leading to a short contact with the ligand. Another case of substitution of Leu 135 in NS3 to a cysteine in trypsin that is disulphide bonded with another cysteine has been observed. ([Supplementary tables S2--S4](#s1){ref-type="supplementary-material"}). In spite of both NS3 protease and trypsin being distant homologs, several unfavorable structural and physicochemical features could preclude the interaction of the ligand molecules with trypsin, thereby not affecting its trypsin activity.

Effect of PLN, PGN and EA on HCV RNA replication and virus entry
----------------------------------------------------------------

We further evaluated the inhibitory role of PLN, PGN and EA on HCV RNA replication. Huh7 cells harbouring HCV monocistronic replicon genotype-2a were used for this purpose. Replication efficiency was assessed using real time RT- PCR at 48 hours post addition of inhibitors. It was evident from the results that PGN, PLN, EA reduce HCV negative strand RNA levels in a dose dependent manner ([Supplementary Fig. S8A](#s1){ref-type="supplementary-material"}). The effective concentrations (EC~50~) of these compounds are listed [Table 2](#t2){ref-type="table"}.

Inhibitory effects of compounds were also demonstrated *ex vivo* by using genotype 2a (JFH1) or genotype 1a (H77S) based infectious cell culture systems ([Fig. 3A and 3B](#f3){ref-type="fig"}). Results indicate that these compounds inhibit HCV replication of both the genotypes. Since it is well-known that quantitative RT-PCR alone lacks strand-specificity for HCV[@b29], we employed more stringent strand-specific tagged primer based RT-PCR method[@b30] and validated the replication suppression effect of the testing compounds ([Supplementary Fig. S8B](#s1){ref-type="supplementary-material"}).

As it was observed above that these ellagitannins affect HCV replication, next we have investigated the effect of these compounds on HCV entry (if any). For this, Huh7.5 cells were preincubated at 4°C and pretreated with JFH1 virus and shifted to 37°C for 3 h in the presence of the compounds (150 μM each) followed by media change. At 72 h post-treatment total cellular RNA was isolated and viral RNA levels were quantified by real time PCR. Results showed strong inhibition of HCV entry by PLN and PGN ([Fig. 3C](#f3){ref-type="fig"}).

To rule out whether the reduction of HCV RNA replication by these ellagitannins was due to activation of cellular interferon (IFN) signalling or not, we have treated HCV-JFH1 infected cells with PGN, PLN or IFNα and checked the expression of phosphorylated signal transducer and activator of transcription 1 (pSTAT 1). PGN and PLN did not show appreciable phosphorylated form of STAT 1 compared to IFNα treatment. Our data suggest that PGN or PLN mediated suppression of HCV RNA replication might not be due to activation of cellular IFN signalling pathway ([Supplementary Fig. S8C](#s1){ref-type="supplementary-material"}).

PGN, PLN and EA are nontoxic in cell culture
--------------------------------------------

To investigate the cellular toxicity of these compounds (if any), we tested the effect of crude fruit peel extract (CE), residual fraction (Res 3), PGN, PLN and EA on cell viability. For this purpose, Huh7 cells or Huh7 harbouring replicon 2a cells were treated 0--2.5 mg/mL of CE &Res-3 (RF), and 0--5 mM of either PGN, PLN or EA ([Fig. 4A, 4B](#f4){ref-type="fig"} and [Supplementary Fig. S9](#s1){ref-type="supplementary-material"}). Results indicate that these compounds are non-toxic to the cells. These compounds rescued the cell death of JFH1 infected Huh7.5 cells ([Fig. 4C](#f4){ref-type="fig"}), suggesting that these compounds are nontoxic in cell culture.

No adverse effect was observed in oral acute toxicity *in vivo*
---------------------------------------------------------------

Next, we investigated the maximum tolerance levels of crude extract (CE) and purified compounds in BALB/c mice. Animals administered with an acute dose of 2000 mg/kg b.wt. did not show any adverse symptoms in terms of body weight, intake of water and food, general behavior, and mortality upto 14 days post treatment period ([Supplementary Fig. S10A](#s1){ref-type="supplementary-material"}). Moreover, further increase in the concentration of PLN, PGN and EA upto 5000 mg/kg b.wt, did not induce any toxic signs and showed high level of tolerance with increasing body weight ([Supplementary Fig. S10B](#s1){ref-type="supplementary-material"}). Additionally, gross organ morphology and relative weights of vital organs (liver and spleen) in BALB/c mice did not change ([Supplementary table S5](#s1){ref-type="supplementary-material"}). The LD~50~ for the oral administration of PGN, PLN and EA was estimated to be \>5000 mg/Kg.

In contrast, a slight decrease in the survival rate was noticed when 5000 mg/kg b.wt. of CE was given to the mice. Although no delayed death was observed but approximately 30% death between 24 to 72 h was noticed ([Supplementary table S5](#s1){ref-type="supplementary-material"}) suggesting that compounds other than PGN, PLN and EA in CE might be responsible for inducing toxicity in mice. Taken together, in accordance with Globally Harmonized Classification System (GHS) mentioned in OECD-423 guidelines, PLN, PGN and EA can be classified into category-5∞ (i.e. unclassified) demonstrating that these compounds could be considered as safe and devoid of toxicity.

No adverse effect was observed in subacute toxicity assay *in vivo*
-------------------------------------------------------------------

Repeated oral administration of PGN, PLN and EA at 1000 mg/kg b.wt./day for 28 days separately to three different groups did not induce any obvious toxic symptoms ([Supplementary Fig. S10C](#s1){ref-type="supplementary-material"}). Also, no difference was observed in the relative organ weights of dissected liver and spleen between the treated and control groups ([Supplementary table S6](#s1){ref-type="supplementary-material"}).

Histological examination of mice liver and spleen showed normal histoarchitecture
---------------------------------------------------------------------------------

Histopathological analyses of the liver sections of control (sterile distilled water) and mice treated with CE, PLN, PGN and EA (acute doses of 2000 and 5000 mg/kg b.wt.) showed normal histoarchitecture with respect to the polygonal shape of the hepatocytes, clear rounded nuclei, central veins, blood sinusoids, portal veins ([Fig. 5A](#f5){ref-type="fig"}). Similarly, no pathological symptoms were observed in spleen sections ([Supplementary Fig. S11](#s1){ref-type="supplementary-material"}).

Further toxicity evaluations of PLN and PGN in subacute toxicity studies also did not reveal any change in the histoarchitecture of liver and spleen tissues after 28 days of repeated administration of 1000 mg/kg/day. However, only a minimal multifocal hepatocellular necrosis was observed in liver histology upon EA treatment for 28 days ([Fig. 5A](#f5){ref-type="fig"} and [Supplementary Fig. S11](#s1){ref-type="supplementary-material"}).

Orally administered PGN, PLN and EA are systemically bioavailable
-----------------------------------------------------------------

For a compound to reach to tissue to exert its effects, it must be taken into the blood stream before being taken up by the target cells. Therefore, it was important to test the bioavailability of PGN, PLN and EA in the blood. For this purpose, all three compounds were administered orally at 1000 mg/kg b.wt. Based on HPLC analyses, only EA was detected in varying concentrations with PGN, PLN and EA treated mice plasma samples. In none of the plasma samples intact forms of PGN and PLN compounds were detected. This might be due to rapid metabolism of PGN and PLN into active EA by action of various digestive enzymes and gut microflora. Interestingly, relative increase of 1.9 and 1.6 folds in absorption of EA was observed in PLN (C~max~ = 5.5 μg/mL) and PGN (C~max~ = 4.8 μg/mL) administered groups respectively as compared to EA (C~max~ = 2.9 μg/mL) plasma samples and this absorbed EA rapidly cleared out from the blood by 4^th^ h. This increased concentration of EA in PGN, PLN treated plasma samples might be due to higher polarity and greater solubility of both of these compounds in water than EA. No corresponding EA peak was detected in the plasma collected before consumption of these components (0^th^ hour time point) ([Fig. 5B](#f5){ref-type="fig"}). Taken together, our pharmacokinetic evaluations revealed that these compounds are systemically absorbed from the gastrointestinal tract into blood plasma.

Discussion
==========

Plant based remedies have a long history in the treatment of different diseases including viral infections and liver diseases. Plant derived compounds are considered as unique because of their high chemical diversity, drug-likeliness properties, biochemical specificity to different viral enzymatic assays, and capacity of being absorbed and metabolized by the body with little or no toxicity than synthetic ones[@b31]. Moreover, the advancement of purification and characterization methods of active compounds become further useful in broad spectrum screening of library of plant derived compounds for anti-HCV therapy.

Our current study includes logical and stepwise elucidation process to explore the role of immune-stimulant ellagitannins derived from *P. granatum* in suppressing HCV infection. HCV NS3 protein, a chimera of helicase and serine protease, is involved in viral polyprotein processing and replication. This protein hijacks the host cellular machinery via mimicking the host cell proteins and directly disrupting the TLR-3 and RIG-I based antiviral signaling, which in turn results in suppression of innate immune responses[@b32][@b33]. Our *in vitro* experiments suggest that the principle components of *P. granatum*, PGN, PLN, and EA impede the function of protease activity by directly acting on HCV NS3/4A protease. In general, tannins have the ability of complexing with metal ions and targeting macromolecular proteins and polysaccharides[@b34]. Therefore, it is possible that these compounds interact with zinc moiety present in the core region of the enzyme and thereby block its activity. Apart from this, our structural based studies also strongly prove the preferential binding of PLN, PGN and EA to the catalytic triad and substrate binding sites of NS3protease enzyme. It is also evidenced by one of the earlier reports suggesting that the galloyl residues of glucopyranose ring of polyphenols interact with Ser139, Gly137, Ala157, and Asp81 of NS3/4A protease by hydrogen bond interactions and with Ala156 and His57 by hydrophobic interactions[@b35]. The presence of galloyl residues in punicalagin and punicalin provides additional support for the inhibitory activities of these molecules against NS3/4A protease. Additionally, no inhibitory effect of these compounds on cellular serine protease (trypsin) activity upto the concentrations tested in our study, might suggest the safe use of these compounds without affecting normal host cell functions.

Although, our study clearly supports antiviral properties of PGN, PLN and EA isolated from *P. granatum* fruit peel extract against HCV RNA replication, the intricate mechanisms of these antiviral properties remain to be elucidated. Inhibition of NS3 protease by PGN, PLN and EA (as described above) might affect proteolytic processing of HCV polyprotein and lead to reduced levels of active viral RNA dependent RNA polymerase, thereby suppresses HCV RNA levels. Apart from this possibility, there are several evidences based on general properties of these compounds from the previous studies that correlate with their possible mechanistic roles in inhibiting viral enzyme activity and replication. HCV infection activates the expression of cyclooxgenase-2 (COX-2). Increased production of COX-2 contributes to the HCV RNA replication[@b36]. COX-2 induces HCC by activating PI3-kinase-AKT signaling pathway[@b37], which is directly associated with the regulatory mechanism of apoptotic inhibition during acute infection, long term virus survival and transformation[@b38]. However, it is evidenced from the previous studies that principle ellagitannins of *P. granatum* fruit preferentially inhibit COX-2 activity[@b39] and thereby may exert anti-inflammatory effects. The cytosolic phospholipase A2 (PLA2) is an important host factor required for HCV replication, assembly and production of infectious HCV particles. *P. granatum* extract and its polyphenolic constituents act synergistically against proliferation, metastatic potential and PLA2 expression in human cancer cell lines *in*-*vitro*[@b40]. Further, EA induces apoptosis in human prostatic cancer cell line via downregulation of the anti-apoptotic proteins such as HO-1 (Heme oxygenase-1), HuR (Human antigen R) and SIRT1 (silent information regulator). It also reduces the TGF-β (transforming growth factor -β) and IL-6 (interleukin-6) apoptotic markers in a prostate cancer cell line[@b41]. EA also induces the apoptosis in pancreatic cancer cells via inhibiting the NF-κB and causing mitochondrial depolarization activation[@b42]. Moreover, EA exhibits an anti-carcinogenic action via modulating oxidative stress regulated genes[@b43]. Interestingly, both PLN and PGN contain an ellagic acid core and might perform similar functions as EA and contribute to inhibition of HCV induced hepatocarcinogenesis.

Our pharmacokinetic analyses and normal histoarchitecture of liver and spleen in both acute and sub acute toxicity studies also suggested safety of these compounds for preclinical trials due to their lack of toxicity. In support of our study, an earlier report based on bioavailability and metabolism of PGN in rats showed detection of 3--6% of the ingested punicalagin as metabolites in plasma, urine and faeces[@b44]. Moreover, long-term repeated administration of PGN was demonstrated as nontoxic to rats[@b45].

Taken together these results raised a new hope such that the vast majority of hepatoprotective properties of *P. granatum* fruit and its principle ellagitannins could be collectively exploited to block the HCV life cycle at different stages.

Methods
=======

Collection and extraction of *Punica granatum* fruits
-----------------------------------------------------

The fresh fruits of *P. granatum* were collected from the local market, washed thoroughly, and fruit peel was separated from the aril. The shade dried peels were extracted with methanol (MeOH, 90%) under reflux condenser. The arils containing seeds were squeezed in MeOH. Further, these extracts were concentrated by rotary evaporator (IKA, Germany).

Isolation of bioactive principles by bioassay guided method
-----------------------------------------------------------

In order to identify the active components of the *P. granatum* fruit, we used the strategy illustrated in [Supplementary Fig. 2A](#s1){ref-type="supplementary-material"}. The residual fraction (residue 3) of crude fruit peel extract was further sub-fractionated by size exclusion column chromatography using sephadex LH-20 (Sigma Aldrich, USA). The major compounds PLN, PGN and EA were eluted successively and identified by LC-ESI-MS (HPLC: Thermo Finnigan Surveyor; MS: Thermo LCQ Deca XP MAX; Software: Xcalibur). Further characterization and confirmation of their identities was done by NMR (AV III NMR spectrometer at 400 MHz and 100 MHz respectively), UV and IR spectral analyses.

Plasmid constructs
------------------

Plasmids, pYB-43 (single-chain NS3/NS4A) and pYB-44 (EGFP-NS5A/B-CBD) encoding a fusion protein containing NS3/4A cleavage site at the middle flanked by enhanced green fluorescent protein and cellulose binding domain were obtained from Dr. Itai Benhar, Tel Aviv University. The HCV JFH1[@b46] and H77s[@b47] cDNA constructs were generous gifts from Dr. Takaji Wakita, National Institute of Infectious Diseases, Tokyo and Dr. Stanley Lemon, University of North Carolina respectively.

Cell culture
------------

Huh7 cell line harboring HCV monocistronic replicon of genotype 2a[@b29] was received from Dr. Ralf Bartenschlager, Heidelberg University. Huh7.5 cell line was received from Dr. Charles M. Rice, Rockefeller University. All cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Sigma-Aldrich) supplemented with 10 percent heat-inactivated fetal bovine serum (Gibco), 100 U/mL of penicillin (HiMedia), and 100 μg/mL of streptomycin sulphate (HiMedia) and maintained in 5% CO~2~ and 37°C conditions. For stable maintenance of replicon 2a harboring Huh7 cell line, hygromycin B (25 μg/mL) was used as an additive supplement.

Compounds used for biological assay studies
-------------------------------------------

All the test compounds either laboratory purified or purchased from commercial source (Natural Remedies, Bangalore, India). Telaprevir (a standard protease inhibitor approved by the US Food and Drug Administration) was purchased from MedChem Express, USA.

Preparation of test samples for *in vitro* and cell culture studies
-------------------------------------------------------------------

Natural compounds as well as telaprevir were stored at a concentration of 10 mM in 100% dimethyl sulfoxide (DMSO). Whereas dried methanolic extract of *P. granatum* fruit peel and juice extracts and different fractions (fraction 1--3) as well as residue-3 were prepared in concentration of 1 mg/10 μL (w/v).

NS3 protease assay
------------------

To examine the effect of different compounds PGN, PLN, EA and crude extract on HCV NS3/4A protease activity, a fluorimetric assay was performed as described earlier[@b48]. Briefly, purified single chain NS3 protease (0.1 μM) was pre-incubated with increasing concentrations of test samples followed by the addition of purified fusion substrate protein (EGFP-NS5A/B-CBD, 0.5 μM) and incubated for another one hour at 37°C. The reaction was terminated and intensity of fluorescence signal evolved from the cleaved EGFP substrate was quantified by fluorometer (Modulus™ Microplate Multimode Reader) using excitation filter 485 nm and emission filter 538 nm.

Cellular trypsin protease assay
-------------------------------

A simple sensitive cellular protease (trypsin) assay was performed *in vitro* using protease fluorescent detection kit (Sigma-Aldrich) as per manufacturer\'s instructions. This assay detects protease activity using casein labeled with fluorescinisothiocynate (FITC) substrate[@b49].

Structural knowledge-based analysis and molecular docking
---------------------------------------------------------

Ligands similar to PLN, PGN and EA were searched in PDB[@b50], in the ligand-bound protein structures, using ligand expo[@b51]. Ligand similarity was assessed by comparing their SMILE strings (SMILES string: The simplified molecular input line-entry system: Line notation which describes the structure of chemical molecules). Ligands bound to various protein structures that were similar to the ligands of interest were analyzed for their mode of inhibition, nature of interaction using protein-ligand interaction server, LPC CSU[@b52] and catalytic atlas[@b53]. Since the structure of EA resembled the sub-structures of PLN and PGN, the knowledge-based analysis was extrapolated for EA. Therefore the analysis helped in selectively docking the ligands of interest at the critical regions such as the catalytic region and the substrate binding region of NS3 protease (PDB id: 1dy8[@b32]-active HCV serine protease complexed with co-factor NS4A). The 3D structures of the ligand compounds were obtained from TCM (Traditional Chinese medicine) database[@b54]. Protein-ligand docking was carried out using Autodock 4.2[@b55]. The best ranked model with low binding energy was analyzed further and visualized using PyMOL (The PyMOL Molecular Graphics System Version 1.5.0.4)[@b56]. Telaprevir structure was used to dock on to the NS3 structure and a similar docking protocol was followed as described earlier.

Antiviral assay for subgenomic replicon cell culture system
-----------------------------------------------------------

Huh7 cells harboring HCV replicon were treated with increasing concentrations of test compounds, PGN, PLN and EA (10--150 μM) and further incubated for 48 h. Cells were harvested in TRIzol reagent (Sigma-Aldrich). Total cellular RNA was extracted followed by reverse transcription using HCV forward primer (for capturing the HCV negative strand) corresponding to IRES region (5′-TGCGGAACCGGTGAGTACA-3′). The obtained cDNA was mixed with SYBR Green PCR Master Mix and subjected to quantitative PCR. GAPDH was used as an endogenous control for normalizing results.

JFH-1 antiviral assay
---------------------

HCV JFH-1 infectious virus particles were produced as described earlier[@b46]. Huh 7.5 cells were infected with JFH1 virus in the absence or presence of different test compounds, PGN, PLN and EA at 150 μM, followed by harvesting of cells at 72 h post treatment. Total cellular RNA was extracted and subjected to RT-qPCR.

H77S based replication assay
----------------------------

H77s-cDNA construct was linearized and H77s RNA was synthesized by run-off transcription. Huh 7.5 cells were transfected with infectious H77s RNA using lipofectamine 2000. Four hours later, cells were treated with test compounds. At 48 h post-treatment, cells were collected for total cellular RNA isolation followed by RT-qPCR.

HCV entry inhibition assay
--------------------------

Huh7.5 cells were seeded in 6 well plate with a cell count of 0.3 × 10^6^. Next day, cells were preincubated at 4°C for 1 h followed by infection with the HCV-JFH1 virus at 4°C for 2 h to allow the viral particles to attach with cell surface receptors. This was followed by treatment of the cells plus virus complex with the compounds and shifted to 37°C for another 3 h. This shift allows the virus to enter the cell. At 72 h of post treatment total cellular RNA was extracted and subjected to RT-qPCR.

Cytotoxicity assay
------------------

The cytotoxic effects of different test compounds in cell culture were determined by MTT assay as described earlier[@b57].

Ethical clearance for *in vivo* studies
---------------------------------------

The animal experiments were approved by 'Institutional Animal Ethics Committee\'. BALB/c mice (6 to 8 weeks old) were selected from an inbred colony and maintained under standard controlled conditions. The animals were provided with pelleted food and water *ad libitum*.

Preparation of drug for *in vivo* study
---------------------------------------

The required concentrations of CE, PLN, PGN and EA were dissolved in sterile distilled water (SDW). Only SDW without the compounds was used as a vehicle control in all *in vivo* experiments.

Determination of acute oral toxicity
------------------------------------

For the safety evaluation, the acute toxicity of CE of *P. granatum* fruit peel and its bioactive principles, PGN, PLN and EA were determined according to Organization for Economic Co-operation and development guidelines (OECD 423)[@b58]. Female BALB/c mice were fasted for four hours. The acute doses (2000 and 5000 mg/kg body weight b.wt.) of the extract and compounds were administered orally. Animals were provided with food and water after 2 h of drug administration and monitored continuously for toxic signs. Body weight and mortality was recorded regularly till 14 days. On 14^th^ post-treatment day, all mice from control and treated groups were sacrificed and histopathology of liver and spleen tissues were investigated using haematoxylin and eosin stains (Bioneeds India Pvt Ltd, Bangalore).

Determination of subacute toxicity
----------------------------------

Subacute toxicity was determined as per OECD 407 guidelines[@b59]. Healthy BALB/c mice were divided into 4 groups of 3 mice each. A single dose of 1000 mg/kg b.wt/mouse/day of PGN, PLN, or EA was given continuously for 28 days to each group separately. During the treatment period general behavior, food and water intake, signs of abnormality and mortality were recorded critically. Body weight of each mouse in different groups was taken every alternative day. On 29^th^ day, all mice were sacrificed. Liver and spleen were weighed and subjected to histopathological analyses.

Evaluation of bioavailability in BALB/c mice
--------------------------------------------

Here, total of 48 mice were taken and divided into three groups of 16 mice each. A single dose (1000 mg/kg b.wt. per mouse) of PGN, PLN and EA was administered orally to each group separately. Blood samples were collected at different time points (0--24 h). Plasma was collected and analyzed for the administered drug or metabolites by analytical method as described earlier (ref. [@b60]) with little modifications. Calibration curve of standard EA (an active metabolite of PGN and PLN) was drawn by using linear regression equation. Area under the curve (AUC) was plotted, and concentration and time maxima of each compound were calculated.
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![*P. granatum* crude extract, its different fractions and ellagitannins specifically suppress HCV NS3/4A protease activity.\
(A) The purified NS3/4A protease enzyme was pre-incubated with increasing concentrations (1, 4, 6, 8 and 10 μg/mL) of *P. granatum* fruit peel and juice extracts followed by addition of the substrate (EGFP-NS5A/B site-CBD fusion protein). The ability of these extracts to inhibit substrate cleavage efficiency of protease was quantified by measuring fluorescence intensity. The relative enzyme activity was normalized with the DMSO vehicle control (denoted as C). (B) Experiment similar to panel 'A\' was performed with different fractions 1 to 3 and residue 3 (denoted as Fr 1--3 and Res-3) at a concentration of 10 μg/mL to identify the most active fraction. DMSO (vehicle) and crude fruit peel extract (denoted as CE) were used as mock and positive controls. (C) Experiment similar to panels 'A\' and 'B\' was performed with increasing concentrations (0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 10.0 μM) of purified ellagitannins EA, PGN, PLN. Telaprevir (a known protease inhibitor) was used as positive control. 'C\' denotes DMSO vehicle control, 'TEL\' denotes telaprevir. (D) Cellular protease (trypsin) was incubated with its substrate FITC-casein in the presence of increasing concentrations (1.0, 2.5, 5.0, 10.0, 25.0 μM) of EA, PGN and PLN. Fluorescence intensity of cleaved product was quantified using fluorometer. Results shown as mean ± SD from three independent experiments and each were done in duplicates.](srep05411-f1){#f1}

![Depicting the molecular docking studies of ligand protein interactions.\
(A) Left side: HCV NS3 protease complexed with punicalin: Here, punicalin (yellow) interacts with catalytic residues (green), substrate interacting residues (pink) and other residues (grey) in HCV NS3 protease. Interactions such as hydrogen bonds, hydrophobic bonds and aromatic-aromatic interactions are shown as dotted lines. All the ligand bound NS3 structures are generated using PyMOL. Right side: Zoomed in view of left side figure. (B) Left side: HCV NS3 protease complexed with punicalagin: Here, punicalagin (yellow) interacts with catalytic residues (green), substrate interacting residues (pink) and other residues (grey) in HCV NS3 protease. Interactions such as hydrogen bonds, hydrophobic bonds and aromatic-aromatic interactions are represented as dotted lines. Right side: Zoomed in view of left side figure.(C) Left side: HCV NS3 protease complexed with ellagic acid: Here, ellagic acid (yellow) interacts with catalytic residues (green), substrate interacting residues (pink) and other residues (grey) in HCV NS3 protease. Interactions such as hydrogen bonds, hydrophobic bonds, aromatic-aromatic interactions are shown as dotted lines. Right side: Zoomed in view of left side figure. The structures of protein-ligand complex figures were generated using PyMOL.](srep05411-f2){#f2}

![*P. granatum* principle ellagitannins inhibit HCV RNA replication.\
(A) Huh7.5 cells were infected with HCV-JFH1 virus (genotype 2a) and treated with 150 μM of EA, PGN and PLN. At 48 h post treatment, HCV negative strand RNA synthesis was quantified using RT-qPCR. GAPDH (a house keeping gene) amplification was used as an endogenous control for normalization of data. Results are expressed in fold change of RNA levels. These results are representative of three independent experiments and are expressed as mean ± SD. (B) Huh 7.5 cells were transfected with HCV-H77S (genotype 1a) RNA and treated with PLN, PGN and EA (150 μM each). At 48 h post treatment, HCV RNA levels were quantified using RT-qPCR. (C) To determine the role of EA, PGN, and PLN in inhibiting HCV entry, Huh7.5 cells were infected with the HCV-JFH1 virus in absence and presence of the compounds (150 μM each). At 72 h of post treatment, total cellular RNA was extracted and subjected to RT-qPCR. 'C\' denotes control (no treatment). Data represent mean ± SD from three independent experiments.](srep05411-f3){#f3}

![Determination of cytotoxicity of *P. granatum* extract and ellagitannins.\
(A) Huh7 cells were incubated with increasing concentrations of crude peel extract (CE) and residue-3 (0.1, 0.5, 1.0, and 2.5 mg/mL) and cytotoxicity was determined by MTT assay. Percentage cell viability was plotted considering 100% for DMSO vehicle control (denoted by C). (B) Experiment similar to panel A was performed with increasing concentrations (0.05, 0.1, 0.5, 1.0, 2.5, and 5.0 mM) of EA, PGN, and PLN. (C) JFH1 infected Huh7.5 cells were incubated with PGN, PLN and EA (150 μM) and percentage cell viability was plotted. 'C\' denotes 'control with no infection and no treatment\'. Results represent mean ± SD from three independent experiments and each was done in duplicates.](srep05411-f4){#f4}

![(A) Histopathological examination of mice liver to determine the toxicity of inhibitors. The acute toxicity effect of vehicle control (SDW, 500 μl/animal) and test samples (5000 mg/kg b.wt of CE, punicalin, punicalagin and ellagic acid) were evaluated in comparison with normal healthy mice at intra tissue level. The histological sections of healthy control mice liver retained normal tissue architecture. The liver sections of mice treated with pure compounds and CE showed near to normal arrangement of the hepatic cords, central veins and polygonal hepatocytes. Here, (a): normal control, (b) & (c): crude extract at an acute dose of 2000 and 5000 mg/kg b.wt, (d) & (e): punicalagin 2000 and 5000 mg/kg b.wt, (f) & (g): punicalin 2000 and 5000 mg/kg b.wt, (h) & (i): ellagic acid 2000 and 5000 mg/kg b.wt. Whereas, (j), (k) & (l): punicalagin, punicalin and ellagic acid at 1000 mg/kg/day for 28 days in subacute toxicity studies. An arrow indicates minimal multifocal hepatocellular necrosis observed in liver histology upon EA treatment for 28 days. (B) Systemic bioavailability of principle ellaginnins of *P. granatum* in BALB/c mice after oral administration. An acute dose of 1000 mg/kg b.wt of PGN, PLN and EAwas administered orally to three different groups of BALB/c mice separately. The availability of EA (an active metabolite of PGN and PLN) in plasma at different time points of post treatment (0 to 24 h) from 3 different groups was determined by HPLC analyses. Availability of these compounds in the plasma in HPLC chromatogram was identified based on the retention time of the standard reference compounds. The total amount of EA obtained in the plasma (per mL) was determined based on the standard calibration curve for EA and AUC (Area under the curve) was plotted. Pharmacokinetics parameters including maximum plasma concentration (C~max~) and time (T~max~) of EA was calculated. Values used to plot AUC are mean ± SD from the two biologically independent experiments.](srep05411-f5){#f5}

###### Summary of the inhibitory effects of *P. granatum* and its tannin principles against HCV NS3/4A protease

  Sl. No                   Test samples                   Activity tested    IC~50~       IC~90~
  -------- --------------------------------------------- ----------------- ----------- ------------
  1         MeOH extract of *P. granatum* (fruit peel)    NS3/4A protease   \<4 μg/ml   \~10 μg/mL
  2         MeOH extract of *P. granatum* (fruit juice)   NS3/4A protease   \~4 μg/mL   \>10 μg/mL
  3                      Residual fraction                NS3/4A protease   \<2 μg/mL   \<10 μg/mL
  4                         Punicalagin                   NS3/4A protease   \<0.1 μM     \~2.5 μM
  5                          Punicalin                    NS3/4A protease   \<0.1 μM     \~1.0 μM
  6                        Ellagic acid                   NS3/4A protease   \~1.0 μM    \<10.0 μM

IC~50~ and IC~90~ = Inhibitory concentration that achieved 50% and 90% inhibition respectively.

###### Summary of the inhibitory effects of *P. granatum* and its tannin principles against HCV replication

  Sl. No    Test samples       Activity tested        EC~50~     CC~50~      SI
  -------- -------------- ------------------------- ---------- ---------- --------
  1         Punicalagin    Antiviral (Replicon 2a)   \~100 μM   \>5.0 mM    \>50
  2          Punicalin     Antiviral (Replicon 2a)   \>150 μM   \>5.0 mM     ND
  3         Ellagic acid   Antiviral (Replicon 2a)   \~60 μM    \>5.0 mM   \>83.3

EC~50~ = Effective concentration that achieved 50% inhibition, CC~50~ = Concentration that achieved 50% cellular cytotoxicity, SI = Selectivity index, CC~50~/EC~50~, ND = not determined.
